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Top quark forward-backward asymmetry and W ′ bosons
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The top quark forward-backward asymmetry measured at the Fermilab Tevatron collider deviates
from the standard model prediction. A W ′ boson model is described, where the coupling W ′-t-d is
fixed by the tt¯ forward-backward asymmetry and total cross section at the Tevatron. We show that
such a W ′ boson would be produced in association with a top quark at the CERN Large Hadron
Collider (LHC), thus inducing additional tt¯+j events. We use measurements of tt¯+n-jet production
from the LHC to constrain the allowed W ′-t-d couplings as a function of W ′ boson mass. We find
that this W ′ model is constrained at the 95% C.L. using 0.7 fb−1 of data from the LHC, and could
be fully excluded with 5 fb−1 of data.
PACS numbers: 14.65.Ha, 14.70.Pw, 13.85.Rm
I. INTRODUCTION
Measurements of the forward-backward asymmetry in
tt¯ production (AtFB) by the CDF [1] and D/0 [2] Collabo-
rations have garnered great interest, as the experimental
results appear to disagree with standard model predic-
tions [3] at the 95% confidence level. Many models have
been proposed to explain this anomaly as physics from
beyond the standard model (BSM). Some models envi-
sion new s-channel processes [4] like axigluons, or other
exotic scenarios [5]. Other models invoke new particles,
such as W ′ bosons [6–11] or Z ′ bosons [12–14] that enter
via virtual t-channel exchange. There are also model-
independent ideas about the tt¯ asymmetry [15–17].
A new vector boson with a large flavor changing cou-
pling between the first and the third generation could
induce a large enough tt¯ charge asymmetry to explain
the anomaly through a t-channel exchange. Neutral vec-
tor bosons (Z ′) are already constrained by early Large
Hadron Collider (LHC) data, as they would produce
too many same-sign top quark pair events at the LHC
[13, 18]. Hence, we focus in this paper on whether
charged vector currents (W ′ bosons) are a viable expla-
nation once faced with measurements from the LHC.
Standard model-like W ′ bosons are highly constrained
by direct measurements into final states with leptons at
LHC (mW ′ > 2.15 TeV [19]) or with top quarks at the
Fermilab Tevatron (mW ′ > 890 GeV [20, 21]). To avoid
any chance of direct lepton production bounds, or fla-
vor physics constraints [22], we focus on right-handed
W ′ bosons. To avoid direct constraints from single-
top-quark production, we consider a non-standard W ′
which couples to one first and one third generation right-
handed quark. The relevant interaction Lagrangian for
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this model [6–11] may be written as
L = g√
2
V ′tdd¯γ
µPRtW
′
µ +H.c. , (1)
where g is the standard model SU(2)L gauge interaction
coupling constant. One could allow these W ′ bosons
to couple strange quarks to top quarks. However, the
strange quark parton density is not large enough to mean-
ingfully contribute to the tt¯ charge asymmetry. Hence,
we follow Refs. [6–11] and consider only the coupling in
Eq. 1 above.
While we can avoid direct production limits for W ′
bosons, in this paper we demonstrate that early tt¯+j data
from the CERN Large Hadron Collider (LHC) already
severely constrains these models. Hence, W ′ bosons are
not expected to be a viable solution to the tt¯ forward-
backward asymmetry anomaly. We organize the rest of
this paper as follows: In Sec. II we describe the ana-
lytic and numerical contribution of W ′ bosons to the tt¯
forward-backward asymmetry, and derive the parameters
consistent with the Tevatron anomaly. In Sec. III we ex-
amine the contribution of W ′ bosons to tt¯ + j measure-
ments, set a 95% C.L. limit on the allowed W ′ mass and
coupling V ′td, and exclude the parameters required to ex-
plain the Tevatron anomaly. We summarize our results
in Sec. IV.
II. W ′ MODEL AND tt¯ ASYMMETRY
The W ′ contribution to the tt¯ production process
dp1,λ1,c1 + d¯p2,λ2,c2 → tp3,λ3,c3 + t¯p4,λ4,c4 (where pi, λi,
and ci are the four momentum, helicity, and color factor
of the ith particle, respectively), can be factorized into
non-zero partonic level helicity amplitudes as
g2V ′2td sˆδc1c3δc2c4
8(tˆ−m2W ′)
M(λ1, λ2, λ3, λ4) . (2)
2We have [23]
M(+,−,+,+) = −
√
1− β2 (2 + r2W ′) sin θ, (3)
M(+,−,+,−) = − [2(1 + β) + (1− β)r2W ′]
× (1 + cos θ) , (4)
M(+,−,−,+) = [2(1− β) + (1 + β)r2W ′]
× (1− cos θ) , (5)
M(+,−,−,−) =
√
1− β2 (2 + r2W ′) sin θ, (6)
where sˆ = (p1 + p2)
2, tˆ = (p1 − p3)2 = −1
2
sˆ (1− β cos θ),
β =
√
1− 4m2t/sˆ, rW ′ = mt/mW ′ and θ is the angle be-
tween p1 and p3 in the tt¯ center of momentum frame. The
corresponding standard model (SM) helicity amplitudes
are [23]
M(+,−,+,+) = −g2stac2c1tac3c4
√
1− β2 sin θ, (7)
M(+,−,+,−) = −g2stac2c1tac3c4 (1 + cos θ) , (8)
M(+,−,−,+) = g2stac2c1tac3c4 (1− cos θ) , (9)
M(+,−,−,−) = g2stac2c1tac3c4
√
1− β2 sin θ. (10)
The interference term σINT between the SM amplitude
and the new physics amplitude is negative. This property
is useful in explaining the Tevatron anomaly, because the
interference term will largely cancel the contribution to
the tt¯ inclusive cross section from the new physics term.
As such, a V ′td can be found that gives a large additional
contribution to the forward-backward asymmetry AtFB .
The total cross section of tt¯ production at Tevatron
is 7.5 ± 0.48 pb [24]. The leading order (LO) cross
section obtained from MadEvent 5 [25] is 5.63 pb us-
ing CTEQ6L1 parton distribution functions (PDFs) [26].
The next-to-leading order (NLO) tt¯ total cross section
from MCFM 6.0 [27] is 6.9 pb using CTEQ6.6M PDFs
(where the renormalization scale and factorization scales
are chosen to be µr = µf = 172.5 GeV) [26]. In order
to address how new physics modifies the standard model
results, we rewrite the total SM cross section as
σNLOSM = σ
NLO(F )
SM + σ
NLO(B)
SM = σ
LO
SM +∆σSM . (11)
The addition ofW ′ bosons will modify the tt¯ cross sec-
tion already at leading order, and lead to a “new physics”
cross section σNP = σ
LO
SM + σINT + σNEW . We include
the NLO QCD correction in the SM part by considering
σTotNP ≡ σNP − σLOSM + σNLOSM . The quantity of interest,
AtFB, is calculated using
AtFB =
σ(F ) − σ(B)
σ(F ) + σ(B)
=
σ
(F )
NP − σLO(F )SM + σNLO(F )SM
σNP − σLOSM + σNLOSM
−σ
(B)
NP − σLO(B)SM + σNLO(B)SM
σNP − σLOSM + σNLOSM
=
σ
(F )
NP + σ
NLO(F )
SM − (σ(B)NP + σNLO(B)SM )
σNP − σLOSM + σNLOSM
=
(σ
(F )
NP − σ(B)NP ) + (σNLO(F )SM − σNLO(B)SM )
σNP − σLOSM + σNLOSM
=
ANPFB × σNP +ASMFB × σNLOSM
σTotNP
, (12)
where ASMFB = 5.0% [2], and σ
(F )
NP −σ(B)NP is obtained from
events generated using MadEvent 5. The NLO QCD cor-
rection to the W ′ model can be found in Ref. [10], how-
ever, that work found it to be numerically small (at most
a few percent), and so we do not include it in this work.
In order to establish the relevant parameters of theW ′
model, we scan the region [200 GeV, 1000 GeV]×[0.1,
10.0] in the parameter space (mW ′ , V
′
td) using a generic
W ′ model file [28] in MadEvent 5 with CTEQ6L1 PDFs
and a floating scale scheme. The W ′ width is given by
[29]
ΓW ′ =
g2|V ′td|2mW ′
16pi
(
1− r2W ′
)(
1 +
r2W ′
2
)
. (13)
The width is narrow, and is checked using BRIDGE [30].
The tt¯ asymmetry is compared with the unfolded result
from D/0 [2]. The unfolded result is obtained with the as-
sumption that the modified event distribution is the same
as in the standard model. This is not exactly correct for
our new physics model, but the difference is found to be
small.1 Neglecting the non-trivial correlation between
σTotNP and A
t
FB, for simplicity, we do a combined fit to
both variables. The 1σ (2σ) regions of allowed parame-
ter space are defined by(
σtt¯ − σobstt¯
)2
δσ2tt¯
+
(
AFB −AobsFB
)2
δA2FB
≤ 1(4) , (14)
and shown in Fig. 1. These regions are consistent with
the full NLO results of Ref. [10].
III. CONSTRAINTS FROM THE LHC
While s-channel production of a W ′ boson is explicitly
turned off in this model, theW ′ boson could be produced
1 We confirm the claims of Ref. [10] that the change in acceptance
between the standard model and W ′ model is small.
3 (GeV)W’m
200 300 400 500 600 700 800 900 1000
’
tdV
0
1
2
3
4
5
6
7
8
9
10
 regionσ1
 regionσ2
FIG. 1: Region of W ′ coupling V ′td vs. W
′ mass consistent
with Tevatron measurements of the tt¯ asymmetry.
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FIG. 2: The Feynman diagrams of tt¯ + j production in this
W ′ model.
in association with a top quark at the LHC. The final
state will be tt¯+ j (see Fig. 2). This signal can easily be
checked at the LHC [7, 11, 16]. Both the ATLAS [31–33]
and CMS [34] collaborations have published results of the
inclusive and tt¯+ n-jet cross section measurements.
The strongest constraint on our model comes from
the dilepton decay mode of top quark pair production
measured by ATLAS [31] using an integrated luminos-
ity of 0.70 fb−1. The topology of the final state is an
opposite-sign dilepton pair with three jets and large miss-
ing transverse energy /ET . We simulate detector effects
by smearing jets and leptons with an energy resolution
parametrized by
δE
E
=
a√
E
⊕ b; where a = 0.5, b = 0.03
for jets [35], a = 0.1, b = 0.02 for electrons [35, 36], and
a = 0.04, b = 0 for muons [37]. We calculate the missing
transverse energy /ET after smearing from the imbalance
of the reconstructed jets and leptons. To compare with
the ATLAS tt¯+ j analysis, we add cuts on the smeared
events as follows:
• Electrons: pTe > 25 GeV, |ηe| < 1.37 or 1.52 <
|ηe| < 2.47;
• Muons: pTµ > 20 GeV, |ηµ| < 2.5;
• Jets: pTj > 25 GeV, |ηj | < 2.5;
• ∆Rjj > 0.4, ∆Rej > 0.4, ∆Rµj > 0.4, ∆Rµµ >
0.3, ∆Reµ > 0.2, ∆Ree > 0.2;
• and the invariant mass of the charged leptonsmll >
15 GeV.
After acceptance cuts, different cuts are added to ee and
µµ, or eµ events.
• For ee and µµ events, the missing transverse en-
ergy /ET > 60 GeV, and mll must differ by at least
10 GeV from the Z0-boson mass.
• For eµ events, the scalar sum of the transverse mo-
menta of jets and leptons HT > 130 GeV.
We compare our result with the ATLAS data shown
in Figure 1(a) of Ref. [31]. There will be a contribu-
tion from higher order corrections to tW ′+jets if some
of the partonic jets are merged by the jet reconstruction
algorithm. The tW ′ process could also be detected in
events with more than three jets due to initial state ra-
diation (ISR) and final state radiation (FSR). To mimic
these effects on acceptance, we rescale our calculation by
comparing our SM tt¯+ j results from MadEvent 5 (with
cuts and smearing) to the theoretical prediction (after
cuts) used in Ref. [31]. All of the new physics results
are rescaled by this same factor and then compared with
the data. We note that the observed event number by
ATLAS is a little larger than the SM prediction, which
slightly weakens the constraint we extract from the data.
In Fig. 3 we show the allowed parameter space con-
sistent with the Tevatron forward-backward asymmetry
anomaly, and the independent 2σ bound on V ′td we ex-
tract from the fit to ATLAS data. We see that already
with the first 0.7 fb−1 data, the 1σ region of parameter
space consistent with the Tevatron AtFB is completely
excluded at greater than a 95% confidence level (C.L.).
Below 600 GeV the 2σ region of parameter space is also
excluded at 95% C.L..
In the process we are examining,
σ (pp→ tW ′ → tt¯d) ∝ V ′2td , the cross section signif-
icance S/
√
B scales like
√
N , where N is event number.
Hence, the bound on V ′td will decrease ∝ L−1/4 when the
integrated luminosity L increases. We use this scaling to
estimate the bound on V ′td that can be reached with the
existing 5 fb−1 of integrated luminosity, and show this
bound in Fig. 3 (the dashed red line). With 5 fb−1 data,
a W ′ model with coupling constant V ′td large enough
to explain the Tevatron top quark forward-backward
asymmetry anomaly can be unambiguously excluded.
In addition to considering the independent limit onW ′
production from LHC data, we also consider the limit
obtained by a combined fit to the tt¯ total cross section
at the Tevatron, AtFB , and tt¯ + j from the LHC. Since
there are 2 free parameters (mW ′ , V
′
td), we have
χ2/d.o.f. =
1
3− 2
[(
σtt¯ − σTevtt¯
)2
δσ2tt¯
+
(
AFB −ATevFB
)2
δA2FB
+
(
σtt¯j − σLHCtt¯j
)2
δσ2tt¯j
]
(15)
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FIG. 3: Constraint from the LHC tt¯ + j search on the
W ′boson. The parameter space above the solid blue line is
excluded by the ATLAS data with 0.7 fb−1 of integrated lu-
minosity at a 2σ level. We also show the expected exclusion
curve (the dashed red line) with 5 fb−1 of integrated luminos-
ity.
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FIG. 4: Exclusion level (in percent) of the W ′ model from a
simultaneous fit of three experimental observables.
for the right-handed W ′ model. The confidence region
is calculated from the χ2 cumulative distribution with 1
degree of freedom. The result is shown in Fig. 4. A si-
multaneous fit excludes a right-handedW ′ model at more
than a 97% confidence level (C.L.). While AtFB provides
tension with the standard model at the Tevatron, a simul-
taneous fit for all three measurements is only excluded at
the 92% C.L.. In other words, the standard model agrees
better with data than the attempted W ′ boson fix.
IV. CONCLUSIONS
We study a right-handed W ′ model which has been
suggested as an explanation of the Tevatron tt¯ forward-
backward asymmetry anomaly in the context of recent
measurements from the Large Hadron Collider. Mea-
surements of inclusive tt¯ production constrain this W ′
model, because a W ′ boson would induce extra tt¯ + j
events. We find that the values of the W ′ mass and cou-
pling V ′td required to fit both σtt¯ and A
t
FB at Tevatron at
the 2σ level, are excluded at 95% C.L. by measurements
of tt¯j with 0.7 fb−1 of data by the ATLAS Collaboration.
If the full 5 fb−1 data set is analyzed, the measurement
of tt¯j alone will push this limit to more than 3σ. We
also show that a simultaneous fit to three measurements
excludes W ′ bosons as an explanation for the Tevatron
tt¯ forward-backward asymmetry at a 97% C.L..
In addition to the measurements considered here, we
point out the D/0 Collaboration measures the charge
asymmetry of the charged leptons (AlFB) from top quark
decay in tt¯ events [2]. Due to angular correlations be-
tween the top quark and the charged lepton from its de-
cay, it has been shown that there is a correlation between
AtFB and A
l
FB [23] that suggests a light right-handedW
′
boson is preferred by the data. The limits we obtain from
the LHC with 0.7 fb−1 of data are even stronger for light
W ′ bosons (nearly 99% C.L. exclusion) than for heav-
ier W ′ bosons. Adding AlFB information from D/0 would
further disfavor this W ′ boson model.
We conclude by noticing that even though the W ′
boson only couples to the right-handed top and down
quarks, there are still constraints from flavor physics.
The constraint from B → piK is strong, and the right-
handed W ′ model here may also be constrained by the
branching ratio of rare B decays at the 2σ level [9]. How-
ever, due to a relatively large theoretical uncertainty
for the B decays (even for the standard model predic-
tion [38]), the direct production limit we present from
collider physics is needed to exclude this right-handed
W ′ model.
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